Background {#Sec1}
==========

Monocytes and macrophages are cells of the innate immune system that have well-established roles in the initial response to pathogens and the development of the adaptive immune response as well as the maintenance of tissue homeostasis, wound healing and inflammation \[[@CR1]\]. The diverse functions of these cells are related to their ability to adapt to a variety of microenvironments \[[@CR2]\]. During inflammatory processes with specific immune responses, the microenvironment of cytokines promotes changes in the physiology of these cells to generate populations with specialized activation programs \[[@CR3], [@CR4]\]. Based on Th1/Th2 nomenclature, some authors classify these macrophages as M1 and M2, which are linked to classical and alternative activation profiles \[[@CR5]--[@CR8]\], respectively. However, due to the high plasticity of these cells, it is clear that this classification only includes well-defined populations and does not address subpopulations with transient biochemical and physiological characteristics. In this context, Mosser and Edwards \[[@CR9]\] suggested a classification based on the three basic functions of macrophages: a) classically activated macrophages, associated with host defense; b) alternatively activated macrophages, associated with repair of tissue damage; and c) regulatory macrophages associated with immunoregulation.

The classical activation of macrophages is promoted by a combination of signaling through the interferon-γ (IFN-γ) and tumor necrosis factor (TNF) pathways resulting in an increased microbicidal and tumoricidal capacity due to the production of proinflammatory cytokines, superoxide anions and nitrogen radicals \[[@CR10]--[@CR12]\]. In this pathway, arginine is metabolized by inducible nitric oxide synthase (iNOS), which is expressed at high concentrations \[[@CR13]\]. Alternatively activated macrophages are generated in response to interleukins 4 and 13 (IL-4, IL-13) from innate or adaptive sources. IL-4 rapidly converts macrophages to a phenotype that promotes tissue healing through the induction of arginase activity. Moreover, macrophage regulators may be generated in response to IL-10 combined with other factors, such as immune complexes, prostaglandins, glucocorticoids, adenosine and apoptotic cells \[[@CR9], [@CR14], [@CR15]\]. The combination of these stimuli leads to the development of a population of macrophages that produce high levels of the immunosuppressive cytokine IL-10. Similar to macrophages activated by the classical pathway, regulatory macrophages can also metabolize arginine by nitric oxide synthase \[[@CR16]\]. While macrophage polarization is well-characterized in helminth infections \[[@CR6], [@CR17], [@CR18]\], the natural heterogeneity of monocytes \[[@CR1], [@CR19]\] suggests that multiple cell phenotypes may influence the outcome of the parasitic infection.

Human hookworm infection is a neglected tropical disease caused by the blood-feeding nematodes *Necator americanus*, *Ancylostoma duodenale* and *Ancylostoma ceylanicum* and it is considered the second most important parasitic infection of humans \[[@CR20]\]. The presence of a strong immunomodulatory response during chronic hookworm infection is a characteristic feature that allows parasite survival for prolonged periods (5--7 years) in the host intestine \[[@CR21]--[@CR23]\], leading to anemia, malnutrition, growth/cognitive retardation and loss of millions of disability adjusted life-years (DALYs) \[[@CR24]\]. Previous studies have showed that human hookworm infection induces peripheral immune responses characterized by increased frequency of regulatory T cells, high levels of circulating IL-10, induction of T lymphocytes apoptosis and modulation of Th17 responses \[[@CR21], [@CR25]--[@CR29]\]. The importance of myeloid cells in the immune modulation during helminth infections was previously shown by the reduced in vitro differentiation of monocyte-derived dendritic cells from hookworm-infected individuals \[[@CR25]\]. Indeed, mature DCs from *Necator americanus*-infected individuals also showed significantly down-regulated expression of co-stimulatory and antigen presentation molecules (CD86, CD1a, HLA-ABC and HLA-DR), leading to a reduced ability to induce proliferative responses \[[@CR25]\]. Nonetheless, other populations of myeloid cells may also contribute to this robust regulation of immune response and consequent parasite survival. While the number of circulating monocytes is significantly increased during hookworm infection \[[@CR26]\], the phenotype and role of these cells in host immunomodulation still remain unclear. The present study aimed to characterize the profile of monocytes in human hookworm infection, providing a model to study the regulatory subpopulation of monocytes in helminth infections, which is still lacking in the literature.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

The present study was conducted in endemic areas for *Necator americanus* in northeast of Minas Gerais State, Brazil. Nineteen volunteers between the ages of 21 and 78 (median age of 47 years; 8 females and 11 males) from areas of moderate *N. americanus* transmission were recruited and presented with light to moderate (up to 840 eggs per gram) intensity of infection. Individuals were selected on the basis of not having any other helminth infection (mono-infection observed after fecal analysis of 12 slides of Kato-Katz thick-smear and Baermann-Moraes technique) and presenting no other medical condition. The presence of *Necator* infection was determined by formalin-ether sedimentation and, when positive, two more stool samples were analyzed by the Kato-Katz fecal thick-smear technique, and parasite load was expressed as eggs per gram of feces (epg) \[[@CR30]\]. Seventeen hookworm-naive individuals (10 females and 7 males) were enrolled as healthy non-infected individuals from Belo Horizonte, Minas Gerais State, Brazil, where no transmission occurs. None of these individuals had a history of *Necator* infection and all presented with egg-negative stool (12 slides of Kato-Katz fecal thick smear and Baermann-Moraes technique) and no specific antibodies to *Necator* crude antigen extracts. The geographic areas included in this study are not endemic for tissue-dwelling helminth infections. Furthermore, the nutritional status of non-infected volunteers (controls) was similar to those presented by hookworm-infected individuals as determined by anthropometric measurements. The nutritional status of adults was determined using the absolute body mass index and classified as eutrophic (18.5--24.9 kg/m^2^), underweight (\<18.5 kg/m^2^) or overweight (≥25 kg/m^2^) \[[@CR31]\]. Approximately 25 mL of blood from *N. americanus* infected and healthy donors was collected in heparinized tubes for separation of peripheral blood mononuclear cells (PBMC) and 4 mL of blood in EDTA tubes for evaluation of the hematological parameters by an automated haematology instrument (Coulter, USA).

PBMC isolation {#Sec4}
--------------

Human peripheral blood mononuclear cells (PBMCs) were separated from peripheral blood of *Necator*-infected and healthy donors by gradient centrifugation on Ficoll-Hypaque (GE Healthcare, USA) at room temperature. Cells were then washed twice in RPMI medium (Invitrogen, USA), separated by centrifugation (800 x g for 10 min at 4 °C) and then supplemented with 5% heat-inactivated human AB serum (Sigma, USA), 2 mM of L-glutamine (Sigma, USA), 50 U/mL of penicillin, and 50 g/mL of streptomycin (Invitrogen, USA). Then 1 × 10^6^ cells were cryopreserved in a freezing solution containing 90% SFB (Cultilab) and 10% DMSO (Merck) for use in immunophenotyping assays. These cells were frozen overnight at −80 °C and then transferred to liquid nitrogen. The remaining cells were preserved in RNAlater® solution (Life Technologies, EUA) for use in molecular biology assays.

PBMC staining and flow cytometry {#Sec5}
--------------------------------

For monocyte analysis, PBMCs were thawed, transferred to polystyrene tubes and incubated for 4 h with brefeldin A (Sigma, USA). Cell staining was performed using 2 μL of antibodies specific to cell surface markers (anti-CD14 FITC, anti-CD23 FITC, anti-CD206 PE-Cy5; all purchased from Becton Dickinson, USA), with a 30 min incubation at room temperature and protection from light. Following incubation, cells were washed with 2 mL of PBS by centrifugation at 600 x g for 7 min at room temperature. For intracytoplasmatic cytokine staining, cells were submitted to a permeabilization procedure by the addition of 3 mL of Perm buffer (PBS supplemented with 0.5% saponin, Sigma, MO, USA) for 10 min at room temperature. Cells were centrifuged again at 600 x g for 7 min at room temperature. The PBMC were resuspended in 250 μL of Perm buffer and incubated for 30 min with 1 μL anti-cytokine antibodies for IL-10 and IL-12 (Becton Dickinson, CA, USA). After two washing steps, cells were fixed with FACS fixative solution (BD Biosciences, USA) and stored at 4 °C for flow cytometric acquisition. Data were acquired using 10,000 events for each sample. Cell Quest™ software was used for the flow cytometric analysis using a FACSCalibur cytometer (Becton Dickinson, CA, USA).

Quantitative PCR and determination of cytokine production {#Sec6}
---------------------------------------------------------

In order to evaluate the expression level of genes encoding the human enzymes and cytokines, primers optimized for quantitative PCR were foind in the literature for nitric oxide synthase (iNOS) \[[@CR32]\], interleukin 4 (IL-4) \[[@CR33]\], arginase-1 (Arg-1) \[[@CR34]\] and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) \[[@CR35]\]. Glyceraldehyde-3-phosphate dehydrogenase was used as an endogenous control. Total RNA was isolated using a Nucleospin RNA II Kit (Macherey Nagel) from *N. americanus*-infected and healthy donors PBMCs according to the manufacturer's instructions. The cDNA was prepared using random hexamers and Superscript™ II RnaseH^−^ reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Primers for all target genes were purchased from Integrated DNA Technologies (IDT) (USA) and used according to the manufacturer's instruction. The PCR reactions were performed in 96-well plates (MicroAmp®, Applied Biosystems, USA) using 25 μL of following primer, 25 μL, 250 μL of SYBR®-Green (Applied Biosystems, USA) and 100 μL of ultra pure water for PCR (Fermentas, USA) sufficient to prepare a plate. All reactions were performed in triplicate on an ABI Prism 7500 Sequence Detection System (Thermo Scientific, USA). The conditions of thermocycling were 95 °C for 10 min, 40 cycles at 60 °C for 1 min and 95 °C for 15 s. To confirm the specificity of the primers, melt curve analysis of each target was performed after the amplification cycles with 95 °C denaturation for 1 min, 55 °C annealing for 1 min, 80 cycles of 0.5 °C increments for 10 s each, beginning at 55 °C and data collection at each step. Primers were considered specific when the derivative of the melt curve showed only one peak. The expression level of each gene was determined by the relative quantity. Initially, primer efficiency was assessed by using a standard curve for each gene containing five points obtained by serial dilution of a high concentration cDNA sample with the target genes and endogenous control. Efficiency above 95% was considered adequate. The relative expression of each gene in the samples was calculated using the ddCt method \[[@CR36]\].

Plasma levels of IL-4 were determined using a sandwich ELISA kit according to the manufacturer's instructions (R&D Systems). Cytokine concentrations were calculated from the standard curve using 5-parameter curve fitting software (SOFTmax®Pro 5.3, Molecular Devices).

Statistical analysis {#Sec7}
--------------------

The one-sample Kolmogorov-Smirnov and Shapiro-Wilk tests were used to determine whether variability followed a normal distribution pattern. Unpaired t tests were used to determine the differences of parametric variables between *Necator*-infected individuals and non-infected individuals. Grubb's test was used to detect the presence of possible outliers. Differences were considered statistically significant when *p* \< 0.05.

Results {#Sec8}
=======

Human hookworm infection promotes increased frequency of monocytes with high production of modulatory cytokines {#Sec9}
---------------------------------------------------------------------------------------------------------------

Initially, flow cytometric analysis of peripheral blood samples from all study participants was performed to investigate differences in the frequency of these cells between the two comparison groups. Hookworm-infected individuals showed a significant increase in the number of monocytes/mm^3^ (555.2 ± 191.0) compared to the NI group (120.4 ± 44.7) (*p* \< 0.0001) (Fig. [1a](#Fig1){ref-type="fig"}). Since the frequency of monocytes was increased in the HWI group, we further analyzed the profile of these cells and assessed their possible polarization to classically activated or regulatory cells. CD14^+^ cells were identified within PBMCs by their intracellular expression of IL-12 and IL-10, which are key mediators in determining the phenotype of monocytes and macrophages. While the frequency of CD14^+^IL-10^+^ and CD14^+^IL-12^+^ cells was significantly reduced in HWI individuals compared to NI individuals (*p* = 0.0289 and *p* \< 0.0001, respectively) (Fig. [1b](#Fig1){ref-type="fig"}), the ratio between IL-10/IL-12-producing monocytes was significantly elevated in the HWI group (13.5 ± 2.3) compared to the NI group (4.0 ± 0.4) (Fig. [1c](#Fig1){ref-type="fig"} *p* = 0.0004), suggesting the potential regulatory activity of these cells.Fig. 1Frequency and cytokine production by monocytes. Comparisons betweeen non-infected (NI) control group and hookworm infected individuals (HWI) for absolute numbers (**a**), frequency of IL-10+ and IL-12+ monocytes (**b**) and ratio of IL-10/IL-12 (**c**) were performed using Student t test. *P* values are indicated on graphs

The hookworm infection does not increase IL-4 production by mononuclear cells from peripheral blood {#Sec10}
---------------------------------------------------------------------------------------------------

Once we demonstrated the predominance of regulatory (IL-10) over pro-inflammatory (IL-12) cytokine producing cells, which minimize the possibility of classical activation, we further evaluated the expression and production of IL-4 by PBMCs of individuals from both groups. When present in sufficient quantities, IL-4 induces the activation of macrophages to the alternative pathway associated with tissue repair function. The assessment of gene expression (Fig. [2a](#Fig2){ref-type="fig"}) and production (Fig. [2b](#Fig2){ref-type="fig"}) of IL-4 revealed no significant differences between the NI and HWI groups (*p* = 0.9880 and *p* = 0.9411, respectively).Fig. 2Gene expression and production of IL-4. Comparisons between non-infected (NI) control group and hookworm infected individuals (HWI) for gene expression (**a**) and seric levels (**b**) of IL-4 were performed using Student t test. *P* values are indicated on graphs

Hookworm-infected individuals have high iNOS expression in peripheral blood mononuclear cells (PBMCs) {#Sec11}
-----------------------------------------------------------------------------------------------------

To evaluate the biomarkers associated with metabolism of L-arginine in different populations of monocytes, we assessed the gene expression of arginase-1 (Arg-1) and inducible nitric oxide synthase (iNOS). The evaluation of the Arg-1 gene, which is associated with repair of tissue damage and highly expressed in alternatively activated macrophages, showed no significant difference among the groups (*p* = 0.6022) (Fig. [3a](#Fig3){ref-type="fig"}). Interestingly, individuals from the HWI group had higher expression of the iNOS gene (associated with a regulatory profile) (20.27 ± 2.97) compared to the NI group (11.28 ± 1.18, *p* = 0.0409) (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Expression of Arginase-1 and iNOS Comparisons between non-infected (NI) control group and hookworm infected individuals (HWI) for relative expression of Arg-1 (**a**) and iNOS (**b**) were performed using Student t test. *P* values are indicated on graphs

Hookworm-infected individuals display higher frequencies of monocytes expressing regulatory molecules {#Sec12}
-----------------------------------------------------------------------------------------------------

PBMCs were also evaluated by flow cytometry based on the markers associated with the phenotype of alternatively activated or regulatory monocytes. CD206 (mannose receptor) was used as a marker for the monocyte population, since this molecule is constitutively expressed only by monocytes in the blood and is differentially expressed in "non-classical" (alternatively activated and regulatory) cell populations. Along with the analysis of cell surface CD206, we also assessed the expression of IL-10 by intracytoplasmatic staining. This approach aimed to further confirm that monocytes are a potential source of regulatory cytokines during hookworm infection. While no differences were observed in the frequency of CD206^+^ cells between the HWI and NI groups (Fig. [4a](#Fig4){ref-type="fig"}), our results showed that individuals from the HWI group had a significantly higher frequency (*p* = 0.0020) of CD206^+^IL-10^+^ cells (9.20 ± 1.56) compared to individuals of the NI group (1.80 ± 0.40) (Fig. [4b](#Fig4){ref-type="fig"}). Finally, positivity for the low affinity IgE receptor CD23 -- a surface marker related to cell activation -- was also evaluated in double-positive (CD206^+^IL-10^+^) monocytes. Our data showed that individuals from the HWI group had a significantly higher frequency of CD206^+^CD23^+^IL-10^+^ (7.57 ± 1.96) cells compared to individuals from the NI group (0.35 ± 0.09) (*p* \< 0.001) (Fig. [4c](#Fig4){ref-type="fig"}), indicating the significantly increased number of activated IL-10-producing monocytes during infection. Finally, a correlation analysis between number of monocytes with the regulatory phenotype (CD206^+^CD23^+^IL-10^+^) and parasite load of the individuals evaluated in the study was performed. Interestingly, a strong and positive correlation between infection intensity and regulatory monocytes was observe (Fig. [5](#Fig5){ref-type="fig"}).Fig. 4Frequency of CD206^+^ monocytes expressing IL-10 and CD23^+^. **a** Frequency of CD14^+^CD206^+^ (**a**), CD14^+^CD206^+^IL-10^+^ (**b**) and CD14^+^CD206^+^CD23^+^IL-10^+^ monocytes in non-infected (NI) and hookworm infected (HWI) individuals (**c**). Statistical analysis was performed using Student t test. *P* values are indicated on graphs Fig. 5Correlation between frequency of CD14^+^CD206^+^CD23^+^IL-10^+^ monocytes and parasite burden. The correlation analyses were evaluated by Spearman correlation test. A *P*-value \<0.05 was considered significant

Discussion {#Sec13}
==========

Monocytes are circulating myeloid immune cells considered the first line of defense against pathogens and primarily associated with differentiation to macrophages and robust cytokine responses. While the impact of these cells in the outcome of helminthic infections has not yet been fully established, the nature of the monocyte response might influence the establishment of the parasite in the host. Similar to previous studies characterizing macrophages \[[@CR3], [@CR4], [@CR6], [@CR37], [@CR38]\], we here demonstrate that monocytes present a regulatory phenotype induced by hookworms, which are known to elicit a strong immunomodulatory response during infection \[[@CR21], [@CR39], [@CR40]\].

The initial evaluation of circulating monocyte count demonstrated a significant increase in the absolute number of cells (cells/mm^3^) in hookworm-infected individuals (HWI) compared to non-infected individuals, as previously demonstrated in hookworm infections \[[@CR26]\]. Such hematological changes are also observed in a wide variety of pathological processes including tuberculosis \[[@CR41]\], rheumatoid arthritis \[[@CR42], [@CR43]\] and bacterial endocarditis \[[@CR44]\]. However, in parasitic infections, the proliferative response of monocytes is commonly observed in protozoal infections such as malaria \[[@CR45]\], toxoplasmosis \[[@CR46]\] and leishmaniasis \[[@CR47]\]. The higher frequency of monocytes during active infections might reflect the consequent increased reactivity of these cells after continuous stimulation promoted by the pathogen, which is not necessarily associated with elimination or control of these bacterial/parasitic infections.

The heterogeneity of function and plasticity of monocytes have been described in parasitic infections \[[@CR48]--[@CR50]\] and clearly demonstrated the differential polarization of these cells as described for macrophages. In our study, phenotypic and molecular parameters were evaluated in circulating monocytes from hookworm-infected individuals to investigate the profile of activation and polarization of these cells. While a reduced frequency of both IL-10^+^ and IL-12^+^ monocytes was observed in the hookworm-infected individuals, regulation of the pro-inflammatory response was prominent and resulted in the higher ratio between IL-10/IL-12 monocytes in the HWI group. Of note, the IL-10/IL-12 ratio is critical in identifying the phenotype of activated macrophages due to differential induction of intracellular signaling pathways that are associated with further cell polarization \[[@CR2], [@CR8], [@CR9], [@CR51]\].

While the predominance of the IL-10 response might resemble an M2 profile of activation \[[@CR52]\], the basal production of IL-4 in hookworm-infected individuals (similar to that observed in non-infected individuals) suggests the absence of a favorable microenvironment for alternative polarization of the monocytes during hookworm infection. IL-4 stimulation is required for activation of M2 phenotype by cell signaling through the STAT6 pathway (Signal Transducers and Activators of Transcription 6), resulting in increased endocytosis and pinocytosis, inhibition of nitric oxide production due to the activity of arginase, and increased expression of MHC-II and other mediators of tissue remodeling \[[@CR53]\].

Polarization of monocytes between alternative and regulatory profiles was also assessed by expression of genes encoding arginase-1 (Arg-1) and the inducible nitric oxide synthase (iNOS). Tissue repair macrophages express high levels of Arg-1, which allows these cells to convert arginine to polyamines and hydroxyproline that directly contribute to extracellular matrix synthesis \[[@CR54]\]. Regulatory macrophages are also able to produce nitric oxide (NO) \[[@CR16]\], suggesting that these cells may retain some ability to limit intracellular infections despite the fact that this is not their primary physiological role \[[@CR52]\]. Our results demonstrate that hookworm infection induces a significant difference in iNOS but not in Arg-1 gene expression between individuals from the HWI and NI groups, which supports the hypothesis of regulatory rather than an alternative profile of activation.

The activation profile was further assessed by the expression of CD206 (mannose receptor), which is a carbohydrate ligand receptor expressed in certain populations of monocytes, macrophages, and dendritic cells in lymphoid tissues and non-vascular endothelium, in constant transit between the plasma membrane and endosomal compartment \[[@CR55]\]. Among the functions already described for this receptor are the removal of endogenous molecules, antigen presentation, modulation of cell activation and internalization of collagen \[[@CR56]\]. In vitro treatment with IL-4 and IL-13 increased expression levels of CD206, while treatment with IFN-γ and LPS had a negative effect on their expression \[[@CR57]\]. Once again, the similar expression of CD206 and IL-4 between infected and control individuals (Figs. [4a](#Fig4){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, respectively) and the high expression of intracytoplasmic IL-10 within the CD206^+^ monocytes (Fig. [4b](#Fig4){ref-type="fig"}) suggest that regulatory monocytes are the predominant circulating myeloid cell population during hookworm infection.

Finally, together with immunophenotypic assays for evaluation of the frequency of CD206^+^IL-10^+^ monocytes, an assessment of the low affinity IgE receptor (CD23/FcεRII) was also performed. The receptor of low affinity IgE (CD23 or FcεRII), which is expressed on the surface of monocytes, neutrophils, eosinophils and B cells, is involved in the regulation of IgE synthesis, cell activation and cytotoxicity \[[@CR23]\]. Interestingly, IgE binding to CD23 enhances the antigen presentation by activated cells and results in production and release of nitric oxide \[[@CR58]\]. The higher levels of IgE produced during hookworm infection \[[@CR21], [@CR22]\] may be associated with a higher frequency of circulating CD23^+^ monocytes (Fig. [4c](#Fig4){ref-type="fig"}), which would corroborate the elevated expression of iNOS (Fig. [3b](#Fig3){ref-type="fig"}) observed in HWI individuals. Of note, the intensity of the infection is directly associated with a high modulatory capacity of monocytes in human hookworm infection; thus, is evident these cells play an important role in preventing or at least controlling the pathology (Fig. [5](#Fig5){ref-type="fig"}).

Limitations of the current study might lie in the restricted number of hookworm mono-infected individuals -- a minority among subjects that harbors several parasitic infections at the same time. Moreover, considering that enrolled individuals were asymptomatic and presented low to moderate intensity of infection, *N. americanus*-infected individuals might be considered as long-term chronic patients although the history of previous treatment of multiple exposures to the parasite is unavailable as expected in a cross sectional study. Furthermore, it is important to emphasize the possible limitation of the study for the use of a single reference gene (GAPDH) in the qPCR technique \[[@CR59]\]. On the other hand, the use of same conditions was applied to control and test samples and results of qPCR experiment was integrated with others approaches such as flow cytometry to provide more reliable conclusion.

Together, our results suggest that hookworm infection elicits and expand the activation of regulatory monocytes, with downmodulation of IL-12 at a higher extent than IL-10 expression, which might be associated with modulation of the host's immune response and prolonged survival of the parasite. This circulating myeloid cell population would amplify the downmodulation of immunity observed during hookworm infection as a high frequency of regulatory T cells \[[@CR29]\] or apoptotic cells \[[@CR26]\] promote a favorable environment for development of regulatory monocytes and/or modulation of monocyte function.

Conclusion {#Sec14}
==========

We conclude that natural hookworm infection induces a high frequency of circulating monocytes that present a regulatory profile and promote the downmodulation of proinflammatory monocyte response. Thus, this myeloid cell population might act cooperatively with other cell populations associated with evasion and regulation during human hookworm infection, and further contribute to the prolonged survival of the parasite in the host.
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